Cold seeps, located along the Sonora Margin transform fault in the Guaymas Basin, were extensively explored during the 'BIG' cruise in June 2010. They present a seafloor mosaic pattern consisting of different faunal assemblages and microbial mats. To investigate this mostly unknown cold and hydrocarbon-rich environment, geochemical and microbiological surveys of the sediments underlying two microbial mats and a surrounding macrofaunal habitat were analyzed in detail. The geochemical measurements suggest biogenic methane production and local advective sulfate-rich fluxes in the sediments. The distributions of archaeal communities, particularly those involved in the methane cycle, were investigated at different depths (surface to 18 cm below the sea floor (cmbsf)) using complementary molecular approaches, such as Automated method of Ribosomal Intergenic Spacer Analysis (ARISA), 16S rRNA libraries, fluorescence in situ hybridization and quantitative polymerase chain reaction with new specific primer sets targeting methanogenic and anaerobic methanotrophic lineages. Molecular results indicate that metabolically active archaeal communities were dominated by known clades of anaerobic methane oxidizers (archaeal anaerobic methanotroph (ANME)-1, -2 and -3), including a novel 'ANME-2c Sonora' lineage. ANME-2c were found to be dominant, metabolically active and physically associated with syntrophic Bacteria in sulfate-rich shallow sediment layers. In contrast, ANME-1 were more prevalent in the deepest sediment samples and presented a versatile behavior in terms of syntrophic association, depending on the sulfate concentration. ANME-3 were concentrated in small aggregates without bacterial partners in a restricted sediment horizon below the first centimetres. These niche specificities and syntrophic behaviors, depending on biological surface assemblages and environmental availability of electron donors, acceptors and carbon substrates, suggest that ANME could support alternative metabolic pathways than syntrophic anaerobic oxidation of methane.
Introduction
At continental margins, large amounts of sedimented organic matter are progressively degraded and transformed into deeply buried hydrocarbons, such as methane. In localized areas, named cold seeps, these hydrocarbons rise in a fluid to the seafloor and form oases of elevated microbial biomass and various faunal assemblages (Jorgensen and Boetius, of these anaerobic microbial metabolisms (sulfide or incompletely oxidized organic compounds) are assimilated by mat-forming giant sulfide-oxidizing Bacteria, such as Beggiatoa spp. (Lloyd et al., 2010; Grü nke et al., 2011; McKay et al., 2012) or invertebrate symbiosis-involved microorganisms (Cambon-Bonavita et al., 2009) . However, much remains to be understood about the AOM mediated by ANME. For instance, the diversity and habitat preference of involved microorganisms or the environmental parameters that impact on these archaeal groups' distribution need to be defined.
The methane-rich hydrothermal sediments of Guaymas Basin, with a high sedimentation rate (2.7 mm per year), were the first hydrothermal vent habitats in which AOM was demonstrated and have since been studied extensively (Simoneit et al., 1996; Teske et al., 2002; Dhillon et al., 2003 Dhillon et al., , 2005 Page et al., 2008; Holler et al., 2011; Biddle et al., 2012; McKay et al., 2012) . In contrast, a nearby cold seep area, which harbors local patches of microbial mats and various faunal assemblages (clams, tubeworms), was observed few kilometers away from hydrothermal sites on a transform fault located on the Sonora Margin (Simoneit et al., 1990; Paull et al., 2007) , but remains unsampled for microbiology.
To characterize for the first time microbial communities on the Sonora Margin and to understand the structure and function of the observed microbial ecosystems (two microbial mats and surrounding macrofauna), phylogenetic, microscopic and quantitative analyses of archaeal communities involved in methane cycling and in cold seep processes were undertaken and completed using geochemical analyses.
Materials and methods
Site description and sampling Sediment push core samples were collected in triplicate at cold hydrocarbon-rich seeps from the Sonora Margin using the manned submersible Nautile on dives 1755-11, 1756-12 and 1758-14 at 1574 m depth during the cruise 'BIG' (RV L'Atalante, June 2010). The sediments, located near marker BIG18 at 'Vasconcelos' site (27135.5770N; 111128.9840W) (Supplementary Material and Figure 1 ), highly supplied by visible sinking organic matter, were covered with patchy thick white Beggiatoa mats occasionally surrounded by grey mat-like macrofauna assemblage. Four different sampling locations were included in this study: (i) White MAT 12 (WM12), a sediment covered with a white microbial mat o1 m wide; (ii) White MAT 14 (WM14), a larger white microbial mat area where gas bubbles and fluids were expelled through a hole; (iii) the Edge of White MAT 14 (EWM14), colonized by dense populations of grey polychaetes and gastropods (M Rabillier and K Olu, personal communications) assumed to be, respectively, deposit feeders and grazers (Fauchald and Jumars, 1979; Waren and Ponder, 1991) (Supplementary Material and Figure 2) ; and (iv) outside of the active area, that is, the reference site (27125.483N; 111130.0759W). At each location, except for WM12 due to its narrow diameter, additional cores were collected on each habitat for methane and sulfide analyses (Supplementary Material and Figure 1 ). Autonomous temperature sensors (T-Rov; NKE Electronics, Hennebont, France) indicated in situ temperatures around 3 1C from the surface water to the 40 cm below the sea floor (cmbsf) on each habitat before sampling.
On board, sediment cores were immediately transferred to the cold room. Sediments recovered from WM14 and EWM14 consisted of a dark olivegreen ooze in the upper 5 cm and color became lighter with depth. In contrast, sediments color from WM12 was black throughout the core. Gas bubbles were noted immediately after recovery. Sediment cores were subsampled aseptically for molecular analyses in 2-or 5-cm-thick layers using 2 ml cutoff syringes. Sediment subsamples were then frozen at À 80 1C for nucleic acid extractions. Sediments (2 g) were collected from each layer and fixed for 4 h in phosphate-buffered saline/formaldehyde (3% final) at 4 1C, washed two times with phosphate-buffered saline and stored in an ethanol/phosphate-buffered saline (1:1, vol vol À 1 ) buffer at À 20 1C until analysis by fluorescence in situ hybridization (FISH).
Porewater analyses
Sediment samples were processed on board for porewater chemical analyses. Porewater for sulfate analysis was obtained by spinning down 10 cm 3 of sediments per horizon or using Rhizon samplers on closest geochemical cores for hydrogen sulfide and methane (Supplementary Material and Figure 1 ). Porewater samples were fixed with: zinc chloride (1:1, vol vol À 1 ) for sulfide and 50 ml of sodium azide for methane analyses and nitric acid for sulfate. Sulfate concentrations were measured by ion exchange chromatography as described previously (Lazar et al., 2012) . Hydrogen sulfide concentrations were determined by colorimetry (Fonselius et al., 2007) . Methane concentrations were quantified by using the headspace technique (HSS 86.50, Dani Instruments, Milan, Italy) and a gas chromatograph (Perichrom 2100, Alpha MOS, Toulouse, France) equipped with flame-ionization detector (Sarradin and Caprais, 1996) .
The stable isotope composition of methane was measured by ISOLAB b.v. company (Neerijnen, The Netherlands) in the deepest sediment section (12-17 cmbsf) of the WM14 core CT4 using a MAT Finnigan delta S mass spectrometer (San Jose, CA, USA) coupled to a gas chromatograph by a GC/C II interface.
RNA and DNA extractions from sediments, PCR and RT-PCR amplifications, cloning and sequencing Total nucleic acids (DNA and RNA) were directly extracted in duplicate from 2.5 g of sediments (Zhou et al., 1996) with modifications, pooled and purified (Lazar et al., 2010) . Total RNA were purified using Nucleospin RNA II Kit (Macherey Nagel, Dü ren, Germany) before reverse transcription-polymerase chain reaction (PCR). Aliquots of rRNA were reverse transcribed using the Quanta qScript Kit according to the manufacturer's protocol (Quanta Bioscience, Gaithersburg, MD, USA). All PCR reactions were monitored as detailed previously (Lazar et al., 2010) , with appropriate annealing temperature for primers listed in Table 1 . Gene libraries from 16S rRNA genes (named 16S rDNA in the text) and crDNA templates (named 16S rRNA and used as a proxy for the detection of metabolically active populations) were constructed from pooled and gel-purified triplicate reactions into TOPO XL PCR Cloning Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's recommendations (Ibis Biosciences, Carlsbad, CA, USA). Sequencing was performed on an ABI3730xl Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) using M13 universal primers by GATC Biotech (Constance, Germany). Sequences were analyzed using the NCBI BLASTn search program GenBank (Altschul et al., 1990) and aligned with the closest representative sequences using ClustalW function within BioEdit v.7.1 program (Ibis Biosciences, Carlsbad, CA, USA). Sequences data were analyzed with the MEGA4.0.2 program (Tamura et al., 2007) and checked manually for chimera. Phylogenic trees were calculated by neighbor-joining analysis (Saitou and Nei, 1987) using the Kimura two-parameter correction matrix (Kimura, 1980) and pairwise deletion parameter. The robustness of inferred topology was tested by boostrap resampling (1000) (Felsenstein, 1985) . Sequences have been deposited in the EMBL database under the following accession numbers: HE774517-HE774603.
ARISA
An Automated method of Ribosomal Intergenic Spacer Analysis (ARISA) was carried out for a rapid monitoring of microbial diversity and community composition in all sediment samples (Fisher and Triplett, 1999) . ARISA-PCR was performed with primers targeting the archaeal 16S-23S intergenic spacer region (Table 1) . PCR conditions were as follows: denaturation at 95 1C for 30 s, annealing at 55 1C for 30 s and extension for 1 min 20 s at 72 1C for 35 cycles, followed by a final extension step at 72 1C for 15 min. A measure of 1 mM of each PCR reaction mixture was analyzed according to the manufacturer's protocol on a DNA 7500 Chip with an Agilent 2100 Bioanalyzer (Agilent Technology, Santa Clara, CA, USA). All data were recovered and analyzed using the R Software with the ade4TkGUI package (Thioulouse and Dray, 2007) .
Quantitative real-time PCR Quantitative measurements were duplicated for each cores. Amplifications were performed with a 7300 Real-Time PCR Systems (Applied Biosystems, Foster City, CA, USA) in a final volume of 25 ml using PerfeCTa SYBR Green SuperMix ROX (Quanta Bioscience), 1 ng of crude DNA template and primers with appropriate concentrations and annealing temperatures (Table 1) according to the manufacturer's Ref. CTT-GTC-TCA-GTC-CCC-GTC-TC This study ANME-1F
A8F
Q-PCR ANME-1 GCT-TTC-AGG-GAA-TAC-TGC 200 60
This study ANME-2aR CTT-GTC-TCA-GTC-CCC-GTC-TC This study ANME-2cR Q-PCR ANME-2c TCC-TCT-GGG-AAA-TCT-GGT-TG 224 60 1.1 This study ANME-2cF TCG-TTT-ACG-GCT-GGG-ACT-AC This study ANME-3F
Q-PCR ANME-3 GGA-TTG-GCA-TAA-CAC-CGG 234 60 1.1 This study ANME-3R
TAT
Abbreviations: ANME, archaeal anaerobic methanotroph; ARISA, Automated method of Ribosomal Intergenic Spacer Analysis; ITS, Intergenic Transcribed Spacer; Q-PCR, quantitative polymerase chain reaction.
Archaea and ANME diversity in Sonora Margin A Vigneron et al instructions. Primer concentrations were optimized to minimize the secondary structure formations and to maximize the reaction efficiency. Annealing temperatures were adjusted for amplification specificity. As published primer pairs appeared inefficient for quantitative (Q-PCR), new primer sets specific for methanogenic and anaerobic methanotrophic communities, were designed using ARB package (Ludwig et al., 2004) and web-based application Primaclade (Gadberry et al., 2005) (Table 1) . Primers were checked for specificity using Oligocheck software (Cardiff University, Cardiff, UK) and tested by PCR. Standard curves were obtained in triplicate with dilutions ranging from 0.001 to 100 nM of DNA extracted from pure cultures of representative groups (Supplementary Materials and Table 1 ). As no pure culture is available for ANME, standards were made from 10-fold serial dilutions (10 5 -10 9 copies per ml) of plasmids containing environmental 16S rRNA genes of anaerobic methanotrophs. The R 2 of standard curves obtained by real-time PCR were up to 0.997 and efficiency of the reaction up to 90%. Samples were diluted until the crossing point decreased log-linearly with sample dilution, indicating the absence of inhibition effect. The specificity of the primer sets was confirmed by control sequencing of the amplification products. Q-PCR results were expressed in copy number per gram of sediment.
Fluorescence in situ hybridization
A measure of 20 ml of a 100-fold dilution of fixed sediment subsamples were immobilized on 0.22 mm GTTP polycarbonate filters (Merck Millipore, Darmstadt, Germany). Hybridization conditions were optimized to maximize fluorescence signal and probe specificity. Filters were incubated for 3 h at 44 1C, with hybridization buffer containing 40% formamide and labeled probes (Table 2 ) before washing at 46 1C for 20 min (Snaidr et al., 1997) . Finally, filters were fixed on slides and treated with antifading/ 4 0 ,6-diamidino-2-phenylindole solution (SlowFade Gold; Invitrogen). Observations and imaging were performed using an epifluorescence microscope Apotome with Axio Imager Z2 equipped with a COLIBRI system (Zeiss, Göttingen, Germany)
Results

Geochemical characterization
In WM14 and EWM14 sediments, porewater sulfate concentrations decreased rapidly from 22 mM in the surface layer to 2 and 5 mM respectively, at 5 cmbsf (Figures 1c and d) , corresponding to the observed sediment color change. In contrast, WM12 sulfate concentrations decreased slightly from 22 mM at the surface to 12 mM by 18 cmbsf (Figure 1b) . Sulfate concentrations in reference sediments remained constant to 28 mM with analyzed depth (Figure 1a) .
Porewater sulfide concentrations increased quickly with depth and reached 40 mM in the WM14 core and 20 mM in the EWM14 core at the deepest sediment layers (Figure 1c) . Peaks of sulfide (28 and 25 mM) were measured at 2 and 5 cmbsf for WM14 and EWM14, respectively (Figures 1c and d) . Reference core sulfide concentrations remained under the detection limit ( Figure 1a) .
Methane porewater concentrations might have been underestimated owing to outgassing during core retrieval. Therefore, no clear methane profiles representing a 'sulfate-methane transition' could be inferred. The highest methane concentrations (almost 1.2 mM) were measured in WM14 cores, probably influenced by proximity to the fluid seep hole (Supplementary Material and Figure 1 ). Methane concentrations in the EWM14 were lower (0.7 mM) and varied according to depth (Figure 1d ). Methane was not detected in the reference sediment core.
At the bottom (15-17 cmbsf) of WM14, d 13 C-CH 4 signature was À 63%, which could be interpreted as a dominant proportion of biogenic methane, mixed with abiotic and thermogenic methane (Damm and Budeus, 2003) .
ARISA fingerprints ARISA was used as a rapid method to compare archaeal community structure across the different samples. ARISA fingerprints displayed up to 10 different archaeal phylotypes throughout WM12, WM14 and EWM14 sediment cores, suggesting a low archaeal diversity. In all the sediment cores, community patterns were similar, with an observable shift in archaeal population composition at 4 cmbsf Abbreviation: ANME, archaeal anaerobic methanotroph.
Archaea and ANME diversity in Sonora Margin A Vigneron et al as shown in Supplementary Material and Figure 3a for WM12. Reconstructed ARISA electrophoregrams, compared using principal component analysis (Supplementary Material and Figure 3b ), highlighted a very low archaeal community structure evolution between 6 and 22 cmbsf EWM14 sediment layers and a close archaeal communities composition in the deepest sediment layers of each habitat. Principal component analysis revealed a relatively low variability between replicate cores for each habitat. Therefore, only one sediment core was selected per habitat to construct 16S rRNA gene libraries from RNA and DNA.
Also based on both ARISA analysis and geochemical data, six 16S rRNA gene libraries (from DNA and cDNA) of pooled sediment layers (top, middle and bottom) were constructed for each habitat.
Phylogenetic diversity of metabolically active Archaea A total of 1204 partial archaeal 16S rRNA sequences were obtained. Archaeal 16S rRNA gene libraries showed a relative low diversity (that is, 5-6 phylogenetic lineages for rRNA and 7-11 for rDNA) (Figures 2 and 3) . The most frequently retrieved sequences were affiliated to uncultured ANME. 
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Most of these sequences belonged to ANME-2 subdivisions a and c; these groups occurred in all sediment layers, with the exception of the reference site where no rRNA amplification was obtained. ANME-1-related sequences increased proportionally with depth in rDNA sequence libraries and were dominant in both rRNA and rDNA sequence libraries obtained from the deepest EWM14 sediments (10-17 cmbsf). ANME-3 cluster-related sequences were retrieved in 16S rRNA gene libraries from all cold seep habitats, except for the deepest layer of EWM14. In contrast, rRNA sequences were only detected in the intermediate layers (4-6 cmbsf; Figure 2 ). Representative sequences of the ANME clusters matched with sequences currently found at Mediterranean Sea mud volcanoes, Gulf of Mexico and Eel River cold seeps (Beal et al., 2009; Lloyd et al., 2010; Pachiadaki et al., 2010 Pachiadaki et al., , 2011 (Figure 3) . However, phylogenetic analysis of 16S rRNA sequences revealed a monophyletic distinct subgroup of ANME-2c with no previous related sequences (Figure 4 ) named 'ANME-2c Sonora' and was found exclusively in the WM12 sulfate-rich sediments both in rRNA and rDNA libraries. Also, a significant number of sequences was affiliated to other uncultivated Archaea belonging to members of the Deep Sea Hydrothermal Vent Euryarchaeotal Group 8 (DHVE-8) detected in hydrocarbon-rich cold seeps (Lloyd et al., 2010) . Other sequences closely related to the Marine Benthic Groups D and B, Terrestrial Miscellaneous Euryarchaeotal Group and Marine Group II, commonly observed in deep marine sediments (Teske and Sorensen, 2008) , were found not only in sediment cores underlying microbial mat but also in the reference core. Sequences affiliated to Marine Benthic Group E and Marine Group I dominated in Figure 4 Neighbor-joining distance phylogeny of the archaeal 16S rRNA sequences and rRNA-derived sequences for ANMEmethanogens clusters from sediment of Sonora Margin cold seeps based on the Kimura 2 parameters method with 1000 replicates, including 825 homologous positions. Only bootstrap values up to 70% are shown. Only one representative sequence (497% identical) is shown. Number within parantheses show the number of clones analyzed from RNA or DNA clone libraries. ANME, Anaerobic Methanotrophs; GOM Arc I, Golf of Mexico Archaea group I; WM12, White MAT12;WM14, White MAT14; EWM14, Edge of White MAT14; REF, reference site.
Archaea and ANME diversity in Sonora Margin A Vigneron et al samples from the reference site but were rarely detected in the cold seep habitats (Figures 2 and 3) . Finally, only seven sequences affiliated to the Methanoarchaea genus Methanosarcina were found in the deepest layers of WM14 and EWM14, where sequences related to the emergent group of GOM Arc I were also detected (Figure 4) .
Quantitative real-time PCR
Owing to the very few data available on microorganisms from cold seeps (pure culture or metagenomic analysis), the number of 16S rRNA genes (rDNA) copy per cell remains undetermined. To compare microbial populations abundance in our samples, we postulated a single 16S rRNA gene copy number for each quantified population.
Archaeal and bacterial abundance obtained by Q-PCR suggested an overall dominance of bacterial communities in sediment cores excepted in EWM14 sediments ( Figure 5 ). In the first WM (WM12 and WM14) sediment layers (0-2 cmbsf), Bacteria were almost 20-fold more abundant than Archaea with B5 Â 10 8 and B9 Â 10 9 16S rDNA copies per g of sediment, respectively. In WM14, archaeal 16S rDNA copy numbers increased with depth (B3.4 Â 10 9 copies per g at the WM14 deepest layers), while Bacteria 16S rDNA copy numbers decreased (B3.8 Â 10 9 copies per g). In contrast, in EWM14 sediments, Archaea gene copies remained constant (B2 Â 10 8 copies per g) and Bacteria concentration decreased rapidly to non-active site bacterial concentration. Archaea abundance was twofold higher in WM12 than in other habitats and increased to 7.8 Â 10 9 16S rDNA copies per g with depth. At the reference site, Bacteria 16S rDNA copies were 10-fold more abundant than archaeal gene copies throughout the entire sediment core and never exceed 2.2 Â 10 9 and 2.9 Â 10 8 16S rDNA copies per g for Bacteria and Archaea, respectively.
The Methanosarcinales, which include the ANME-2 and -3 phylogenetic clusters, dominated the archaeal community in WM sediments by rRNA gene copy abundance (10 9 16S rDNA copies per g). In EWM14 sediments, the Methanosarcinales remained the most abundant methanogenic order, representing 75% of Archaea in the upper layer (6.7 Â 10 8 copies per g) and 30% below 8 cmbsf (2 Â 10 8 copies per g). 16S rDNA genes copy numbers of Methanococcales and Methanomicrobiales orders were close to 10 7 copies per g without significant changes. 16S rDNA copy numbers of Methanobacteriales, close to the Q-PCR detection limit in the upper sediment section, increased with depth but remained low (4.8 Â 10 6 copies per g). Methanopyrales representatives, previously isolated in the Guaymas Basin hydrothermal fields, were not detected in cold seep sediments.
Owing to the difference in the standard calibration process (plasmid and/or genomic DNA dilutions), 16S rRNA gene copy numbers of ANMEs could not be directly compared with previous quantifications. However, we were able to compare depth distribution of ANME representative sequences throughout the sediment cores. Quantifications highlighted ANME community concentrations fivefold more elevated in WM12 sediment cores, strongly dominated by ANME-2c (4.9 Â 10 11 16S rDNA copies per g). ANME-2c representatives also dominated WM14 surface and intermediate sediment layers (0-8 cmbsf) and EWM14 surface layers (0-4 cmbsf) with a maximum of 1.5 Â 10 11 and 8.5 Â 10 10 16S rDNA copies per g, respectively ( Figure 5 ). ANME-1 16S copy numbers significantly increased with depth (B1.3 Â 10 11 copies per g for WM14 and EWM14 and 2.35 Â 10 11 for WM12), dominating the WM14 bottom sediment ANME communities and appeared to be the unique ANME population below 8 cmbsf in EWM14. ANME-2a quantifications showed a similar depth distribution as those of ANME-2c but with lower concentrations. Specific DNA sequences of ANME-3 were also present in the intermediate sediment layers of all cold seep samples with a maximum of 5 Â 10 10 and 4 Â 10 10 16S rDNA copies per g for WM14 and EWM14 sediments and 9.5 Â 10 10 16S rDNA copies per g for WM12 cores.
Structure and morphologies of ANME aggregates FISH observations using archaeal and bacterial probes revealed a high diversity of cell aggregates in size (5-50 mm in diameter), form (regular and irregular balls, chains, and so on) and organization (proportion and/or localization of Archaea and Bacteria) (Figure 6 ). Using more specific probes, ANME-2/Bacteria-labeled aggregates were found to be dominant in the surface and middle sediment horizons of WM14 and throughout WM12. Microscopic observations of ANME-2/bacterial aggregates showed a wide range of spatial organization, including mixed, concentric or intermediate aggregates ( Figure 6D 1 -D 3 ) . Archaeal cells hybridized with ANME-1 probes were detected in the deeper sediment layers of WMs and seemed to be widely dominant in the deeper sediment layers of EWM14. ANME-1 were observed in EWM14 and WM14 as rod chains without detectable bacterial partner either as a single chain or in unstructured heaps ( Figure 6B 1 ) . In contrast, in WM12 deepest sediments, ANME-1 have also been observed in straight aggregates with bacterial partners (Figure 6B 2 ). Cells labeled with ANME-3 probes were detected in small aggregates (o10 mm) without any detectable bacterial partner in intermediate sediment layers (Figure 6C ).
Discussion
The occurrence of dominant populations of ANME clusters, detected by FISH, Q-PCR and gene libraries, combined with geochemical gradients, is the first evidence that AOM represented a major microbial process on the Sonora Margin cold seeps. ANME-1, -2 and -3, anaerobic methane-oxidizing populations commonly retrieved in the active microbial cold seep communities (see Knittel and Boetius (2009) and reference therein), were metabolically active in our samples, as indicated by their Archaea and ANME diversity in Sonora Margin A Vigneron et al 16S rRNA detection, and represented almost the whole active archaeal diversity. This co-occurrence of the three ANME clades has only been reported in few studies (Heijs et al., 2005; Pernthaler et al., 2008; Lloyd et al., 2010) . However, ANME populations presented different distributions according to the visual and geochemical patterns of the sampled habitats.
Diversity and distribution of ANMEs ANME-2c dominated both 16S libraries (rRNA and rDNA), quantifications and FISH observations in sediments characterized by higher sulfate concentrations (first sediment layers of WM14 and EWM14; the entire sulfate-rich WM12 sediment cores), suggesting a major role of these ANME representatives in AOM processes at the Sonora Margin. All ANME-2 observed by FISH formed morphologically diverse (size, form and spatial organization) aggregates with Bacteria, as previously reported for AOM (Knittel and Boetius, 2009 ). This apparently obligatory association of ANME-2c with presumably sulfate-reducing Bacteria gains metabolic energy for both partners (metabolic exchanges improvement due to cell proximity; Stams and Plugge, 2009 ). However, this obligatory relationship would also restrict those consortia to a specific ecological niche where both electron acceptors and carbon sources for consortia partners were available. If methane was available throughout the sediment cores, sulfate could be limiting (only detected in the WM14 and EWM14 upper sediments layers and in the entire WM12 cores). The observed ANME-2c consortia distribution in WMs could thereby be explained by the bacterial partner requirement for sulfate. Thus, the dense populations of sulfatedependent ANME-2c consortia, observed throughout WM12 sediments, could be linked to the advective import of seawater sulfate as previously suggested for the Guaymas Basin . These particular environmental conditions also seemed to allow the development of the new 'ANME-2c Sonora' representatives below 4 cmbsf. However, in EWM14 sediments, ANME-2c were restricted to the upper sediment layers despite a slightly deeper penetration of sulfate. This ANME2c sulfate-independent distribution in EWM14 sediments indicated that other parameters, such as non-methane hydrocarbon degradation (Orcutt et al., 2008) , fluid flow regimen (Niemann et al., 2006; Losekann et al., 2007) or a sediment perturbation by surface assemblages could be involved in ANME-2 distribution. Here, surface colonizers (Beggiatoa mats and macraufona) could be considered as influent factor. Beggiatoa mats, by their gliding mobility through the sediment, could micro-oxygenate the first sediment layers and then inhibit the ANME-2 consortia or be competitive, such as DHVE-8 with ANME-2 bacterial partners, for substrates, such as acetate in the shallow sediment layers. Otherwise, the EWM14 surface deposit feeders probably modified the structure and/or the composition of the underlying sediments (organic matter Heap of monospecific and single ANME-1 archaeal rods in chain labeled with ANME-1-350 (yellow) probe visualized at the deepest sediment layer of the Edge White MAT14. (B 2 ) Straight aggregate of ANME-1 (ANME-1-350 (yellow)) and Bacteria (EUB338 (green)). (C) Tightly associated cluster of ANME-3 cells, stained with the ANME-3-1249 (orange) obtained from White MAT14. (D 1 -D 3 ) Various ANME-2/Bacteria aggregates labeled with ANME-2-712 (red) and EUB338 (green) probes. Scale is 10 mm. degradation, substrate availabilities, for instance) and then vertically changed the ANME-2 ecological niche.
Molecular data also highlighted the presence and activity of ANME-1 relatives in each core, in increasing proportion with depth as observed previously Yanagawa et al., 2011) . ANME-1 were detected in larger proportion in WM12 sediments and as unique ANME community in EWM14 deepest sediment layers. Moreover, FISH observations highlighted a versatile ANME-1 behavior in terms of bacterial association. The EWM14 and WM14 ANME-1 communities were detected as single or heaps of rods-in-chain. In contrast, ANME-1 were also observed in straight aggregates with bacteria in WM12 deepest sediments. Combined with geochemical data, these results confirmed that ANME-1 preferred completely anoxic and highly sulfidic sediments and suggested that ANME-1 ecophysiology could depend on environmental conditions and more particularly on sulfate concentrations. In sulfate-poor and methanerich EWM14 sediments, ANME-1 could support a bacterial-independent AOM as suggested previously (Orphan et al., 2002; Maignien et al., 2012) , using a different metabolic pathway providing terminal electron acceptors for AOM, such as the use of extracellular proteins, as mentioned by recent metaproteomic analyses (Stokke et al., 2012) . Such metabolism, independent of bacterial association and then metabolic bacterial requirements, could occur and be more competitive than syntrophic AOM in EWM14 sediments. ANME-1 metabolism could also persist in sulfate-depleted WM14 sediments, perhaps by switching to methanogenesis, as suggested previously (Meyerdierks et al., 2010; Lloyd et al., 2011; Stokke et al., 2012) . In contrast, advective sulfate inputs in WM12 deepest sediments could induce another ANME-1 metabolic shift to a bacterial-dependent AOM in straight consortia as previously observed in sulfate-rich cold seeps (Orcutt et al., 2005) , which could be more energetically effective. ANME-3-related sequences were present throughout the entire sediment cores with a slight increase of 16S copy numbers restricted to the 4-8 cmbsf sediment horizon. Furthermore, ANME-3 communities were shown to be active only in this sediment layer. This suggests that ANME-3 might be restricted to this sediment horizon, as previously reported in submarine mud volcano (Losekann et al., 2007) , just below the surface layers influenced by surface communities. ANME-3 were previously detected in syntrophic consortia with sulfate-reducer Bacteria (Niemann et al., 2006; Losekann et al., 2007) . However, our FISH observations with the same probe highlighted some unstructured aggregates with no direct contact with bacterial partners, which is consistent with the support of another metabolism independent of bacterial association for ANME-3 (Losekann et al., 2007; Omoregie et al., 2008) . Again, another metabolic pathway other than syntrophic AOM, such as methanogenesis or use of metabolic products from the surface layers as substrates or electrons acceptors, could be considered for ANME-3 aggregates in Sonora Margin sediments.
Methane hypothetical origins
As we mentioned above, methanogenesis was often suggested for single ANME, due to their phylogenetic proximity with methanogens and recent metagenomic studies. In cold seep sediments, methane is a preponderant factor, fueling the AOM aggregates, and its origin in the sediments also remained misunderstood.
Methane isotopic ratio suggested a dominant biogenic methane origin, involving methanogens populations. However, abiotic and thermogenic methane origin from deeper sediment layers could not be excluded. Confirming a biogenic origin, sequences relatives to methanogenic Archaea were detected in gene libraries. Methanosarcinales gene copy numbers were high, but anaerobic methanotrophs (ANME-2 and ANME-3) are affiliated to the Methanosarcinales group and could represent most of this population rather than the true methanogens. Nevertheless, Methanococcales, Methanomicrobiales and Methanobacteriales 16S rDNA gene numbers were detected by Q-PCR in the sediment. Even if methanogen 16S rDNA concentrations were low, methanogenic enrichments (culture conditions as described in Lazar et al., 2011b) also confirmed the presence of active methanogen communities (data not shown). Taken together, these results suggest that AOM fueling methane could be produced by small phylogenetically diverse populations of methanogens, eventually supplemented by other unknown or poorly understood microbial populations involved in methane production, such as ANME-1 in the shallow sediment layers. Alternatively, methane could also be produced by larger methanogenic populations in much deeper sediments.
Conclusion
In the anoxic sediments of cold seep environments, the geochemically rich emitted fluids coupled with surface inputs (sulfate and organic carbon) allow the development of complex microbial ecosystems mainly based on methane and sulfur cycles (methanogenesis, AOM, sulfate reduction). If ANME communities were frequently detected and appeared to be ubiquitous in cold seep environments (Knittel and Boetius, 2009) , their distributions and their precise functions remained misunderstood. The Sonora Margin cold seeps, by their visually and/or geochemically different habitats, presented a unique opportunity to access the environmental parameters and key factors involved in archaeal distribution and ecophysiology. On the basis of our sampling strategy and detailed microbiological characterizations, we initially confirmed that known methanogens represent only a small proportion of the microbial biomass in the shallow sediments (Lazar et al., 2011a) . Indeed, such as for other sedimentary cold seep environments (Gulf of Mexico mats, Mediterranean mud volcanoes or gas hydrate mats), archaeal communities were dominated by ANMEs in the shallow sediment layers Niemann et al., 2006; Lloyd et al., 2010) . ANME groups were commonly linked to AOM metabolism; however, the previously reported and the presently observed ANME differences in vertical niche distribution Niemann et al., 2006; Losekann et al., 2007; Yanagawa et al., 2011) and in consortia formation (Orphan et al., 2002; Knittel et al., 2005; Orcutt et al., 2005; Losekann et al., 2007) clearly indicate different ecophysiology. These data suggest that ANME distributions and metabolisms could be directly or indirectly (through bacterial partner requirements) related to flux ratedependent geochemical gradients (methane, sulfate and sulfide) and substrate availabilities (organic carbon). In addition, these microbiological processes lead to various surface community settlements, such as microbial mats and diverse macrofauna, depending on fluid flux and composition, probably affecting in return the underlying microbial communities by modifying the sediment structure and composition. Depending on these environmental factors, ANME subgroups could have different functions in cold seep environments, such as methanogenesis, and could not be restricted to methane oxidation. Interestingly, ANMEs were also detected in hydrothermal underlying Beggiatoa mat sediments of the Guaymas Basin, monitoring AOM from 15 1C to 95 1C; comparative analyses between those geographically close ecosystems would be needed to discuss on AOM mechanisms and settlement worldwide in sediments.
